Introduction {#s1}
============

Pulmonary arterial hypertension (PAH) is caused by functional and structural changes in the pulmonary vasculature that can lead to increased pulmonary vascular resistance (PVR) and pulmonary arterial pressure (PAP). The elevated PAP induces extensive changes in heart structure followed by right heart failure, and eventually death. PAH is clinically defined by PAP chronically increasing due to various causes and resting mean PAP being ≥25 mmHg. The total number of PAH patients is estimated to by approximately 100,000 globally. The five-year survival rate of this condition after diagnosis is ∼57%. The mean duration between symptom onset and diagnostic catheterization is 2.8 years. In the United States, the mean age of PAH patients was 36.4 years in the 1980s, but it was 53.0 years in 2007 due to improved diagnosis, treatment, and management ([@r1], [@r2]).

Clinical classification of pulmonary hypertension {#s2}
=================================================

Pulmonary hypertension falls into five diagnostic classifications in terms of its pathogenesis ([@r3], [@r4]) ([Table 1](#tbl_001){ref-type="table"}Table 1.Clinical classification of pulmonary hypertension (Dana Point, 2008)). Group 1 is PAH that may occur in different clinical conditions depending on the associated disease. This subgroup includes patients with idiopathic PAH (IPAH) corresponding to sporadic disease in which there is neither family history of PAH nor an identified risk factor, as well as patients with heritable PAH (HPAH) with germline mutations in the bone morphogenetic protein receptor type 2 (BMPR2), activin receptor-like kinase type 1 (ALK1), and endoglin genes. PAH can also be induced by some drugs and chemicals. In addition, PAH associated with connective tissue disease (CTD), human immunodeficiency virus (HIV) infection, portal hypertension, and congenital heart disease (CHD) represents an important clinical subgroup. Group 2 is pulmonary hypertension with left heart disease including left-sided ventricular or valvular disease that may produce an increase in left arterial pressure, with passive backward transmission of the pressure leading to increased PAP. Group 3 is pulmonary hypertension due to lung diseases and/or hypoxia. The predominant cause in this group is alveolar hypoxia as a result of lung disease, impaired control of breathing, or chronic exposure to high altitude. Group 4 is chronic thromboembolic pulmonary hypertension (CTEPH). The incidence of CTEPH is unclear, but it occurs in ∼4% of patients after an acute pulmonary embolism. Group 5 consists of several forms of pulmonary hypertension for which the etiology is unclear and/or multifactorial.

Drug therapy for PAH {#s3}
====================

On the basis of our understanding of the pathological mechanisms of PAH, drug therapy for PAH has progressed in recent years via the development of several specific drugs that offer an effective alternative to voltage-dependent Ca^2+^ channel blockers such as nifedipine and diltiazem ([@r4]) ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Chemical structures of drugs for pulmonary arterial hypertension. In addition to Ca^2+^ channel blockers (A), prostacyclin and its analogues (B), endothelin receptor antagonists (C), and phosphodiesterase type 5 (PDE5) inhibitors (D) are now widely used for the treatment of pulmonary arterial hypertension (PAH).). Epoprostenol (prostacyclin, also known as prostaglandin I~2~, PGI~2~; [Fig. 1B](#fig_001){ref-type="fig"}), a potent vasodilator produced by vascular endothelium, was the first drug approved by the U.S. Food and Drug Administration (FDA) for the treatment of PAH. Epoprostenol improves exercise capacity, hemodynamics, and quality of life (QOL), as well as improving survival in PAH patients. Two prostacyclin analogues, treprostinil and iloprost, are also available for PAH treatment. In the pathophysiology of PAH, endothelin plays a key role for exerting vasoconstrictor and mitogenic effects by binding to endothelin receptors in pulmonary arterial smooth muscles. Bosentan ([Fig. 1C](#fig_001){ref-type="fig"}), an endothelin receptor antagonist, improves exercise capacity, hemodynamics, and clinical deterioration. There is also ambrisentan, a selective endothelin receptor (ET~A~) antagonist for the treatment of PAH. In addition, two phosphodiesterase type 5 (PDE5) inhibitors, sildenafil and tadalafil ([Fig. 1D](#fig_001){ref-type="fig"}), which increase cGMP and have been used to treat erectile dysfunction (ED), are also approved for PAH treatment. Specific pulmonary vasodilators have now been approved for treatment of PAH; moreover, numerous potential candidates either have been submitted for approval or are in development. Despite recent major therapeutic advances, no current treatments of PAH can cure this life-threatening disease.

Enhanced Ca^2+^ signaling in pulmonary myocytes from IPAH patients {#s4}
==================================================================

The pathogenic mechanisms involved in the pulmonary vascular abnormalities including sustained pulmonary vasoconstriction and vascular remodeling in IPAH patients remain unclear. Sustained vasoconstriction and vascular remodeling owing to proliferation of pulmonary arterial smooth muscle cells (PASMCs) are major pathogenic events that lead to early morbidity and mortality. Excessive PASMC proliferation is predominantly caused by increased production of vasoconstrictive and mitogenic agonists, and increased proliferation and/or decreased apoptosis of PASMCs. An increase in cytosolic Ca^2+^ concentration (\[Ca^2+^\]~cyt~) in PASMCs is a major trigger for pulmonary vasoconstriction and an important stimulus for PASMC migration and proliferation, which subsequently cause pulmonary vascular remodeling followed by an increase in PVR. Enhanced Ca^2+^ signals have been reported in PASMCs from IPAH patients: 1) increase in \[Ca^2+^\]~cyt~ at rest, 2) enhanced store-operated Ca^2+^ entry (SOCE), and 3) upregulation of receptor-operated Ca^2+^ entry (ROCE) ([@r5],[@r6],[@r7]). The cellular and molecular mechanisms involved in the cause and development of IPAH are, however, not fully explained ([@r8]). Moreover, an unknown Ca^2+^ influx pathway differing from voltage-dependent Ca^2+^ channels and Ca^2+^-sensitive ion channels ([@r9],[@r10],[@r11]) has been suggested to be involved in the pathological mechanism underlying IPAH.

Upregulation of Ca^2+^-sensing receptor in IPAH {#s5}
===============================================

Recently, we found that extracellular application of Ca^2+^ induced a large increase in \[Ca^2+^\]~cyt~ in PASMCs from IPAH patients, but not in PASMCs from normal subjects and CTEPH patients ([@r12]). The extracellular Ca^2+^-induced \[Ca^2+^\]~cyt~ increase was concentration-dependent, with an EC~50~ of 1.22 mM ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.Enhanced Ca^2+^-sensing receptor function in idiopathic pulmonary arterial hypertension. (A) Representative traces of \[Ca^2+^\]~cyt~ changes in response to extracellular application of 0.1, 0.5, 1.1, 2.2, and 10 mM Ca^2+^ and the dose response curves in pulmonary arterial smooth muscle cells (PASMCs) from normal subjects and patients with idiopathic pulmonary arterial hypertension (IPAH) (*n*=57∼183 cells). The EC~50~ for extracellular Ca^2+^-induced \[Ca^2+^\]~cyt~ increase in IPAH-PASMCs is 1.22 mM. (B) Western blot analysis on Ca^2+^-sensing receptor (CaSR) in membrane proteins isolated from PASMCs and lung tissues of normal subjects (Nor) and IPAH patients. The CaSR protein levels were normalized to the β-tubulin level. \[modified from ref. [@r12]\].). The application of spermine (an activator for the Ca^2+^-sensing receptor, CaSR) elicited an increase in \[Ca^2+^\]~cyt~ in IPAH-PASMCs. In addition, NPS R568 (a CaSR agonist) enhanced, whereas NPS2143 (a CaSR antagonist) attenuated the extracellular Ca^2+^-induced \[Ca^2+^\]~cyt~ rise in IPAH-PASMCs. The protein expression level of CaSR in PASMCs and lung tissues from IPAH patients was greater than that from normal subjects ([Fig. 2B](#fig_002){ref-type="fig"}). Downregulation of CaSR in IPAH-PASMCs with siRNA inhibited the extracellular Ca^2+^-induced increase in \[Ca^2+^\]~cyt~ and attenuated cell proliferation. On the other hand, overexpression of CaSR in normal PASMCs augmented the extracellular Ca^2+^-induced \[Ca^2+^\]~cyt~ rise and enhanced cell proliferation. These lines of evidence indicate that functionally upregulated CaSR and subsequently augmented CaSR-mediated \[Ca^2+^\]~cyt~ increase contribute to the enhanced Ca^2+^ signaling and excessive cell proliferation in PASMCs from IPAH patients. Enhanced function of CaSR through intracellular Ca^2+^ signaling is a newly identified pathogenic mechanism involved in the initiation and progression of pulmonary vascular remodeling in patients with IPAH.

Structure of CaSR {#s6}
=================

CaSR was originally cloned from bovine parathyroid glands, which secrete parathyroid hormone (PTH), an extracellular Ca^2+^-elevating hormone ([@r13]). CaSR (also known as GPRC2A) belongs to family C of the G protein-coupled receptor (GPCR) superfamily, which includes the metabotropic glutamate receptors (mGluRs), GABA~B~ receptors, and taste receptors as well as orphan receptors ([@r14], [@r15]) ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Phylogenetic tree of family C of G-protein-coupled receptors. The Ca^2+^-sensing receptor (CaSR, also known as GPRC2A) belongs to family C of the G protein-coupled receptor (GPCR) superfamily, which includes the metabotropic glutamate receptors (mGluRs), GABA~B~ receptors, and taste receptors, as well as orphan receptors. The structure of CaSR consists of a large N-terminal extracellular domain, a central core with seven transmembrane domains, and an intracellular C-terminal tail. \[adapted from refs. [@r14] and [@r15]\].). Human CaSR consists of 1,078 amino acids (GenBank accession number: NM_000388); it forms a homodimeric configuration. Like the other members, CaSR constitutively presents as a large N-terminal extracellular domain containing 612 amino acid residues, a central core of 250 amino acids with seven transmembrane domains that are a hallmark of the GPCR superfamily, and an intracellular C-terminal tail of 216 amino acids ([@r16], [@r17]). CaSR is capable of coupling to several G-proteins including G~q~ that activates phospholipase C (PLC) and the inositol-1,4,5-trisphosphate (IP~3~) cascade, and G~i~ that inhibits adenylate cyclase (AC) and the cAMP pathway. CaSR also regulates multiple signaling pathways such as mitogen-activated protein kinase (MAPK) cascades: MAPK kinase (MEK), extracellular signal-regulated kinases (ERK1/2), and c-Jun N-terminal kinase (JNK) ([@r17], [@r18]).

Physiological roles of CaSR {#s7}
===========================

Change in \[Ca^2+^\]~cyt~ plays a pivotal role in physiological functions including neurotransmission, muscle contraction, transcriptional regulation, hormonal secretion, and brain functions. CaSR in the plasma membrane is a key regulator that senses changes in \[Ca^2+^\] in the extracellular space to maintain extracellular Ca^2+^ homeostasis ([@r16],[@r17],[@r18]). In parathyroid glands, sensing an elevation of \[Ca^2+^\] in the serum through CaSR triggers the reduction of PTH secretion and results in maintenance of the normal level of extracellular Ca^2+^. In addition, CaSR is distributed in the kidney, bone, gastrointestinal tract, brain, and heart, where it plays crucial roles in extracellular Ca^2+^ homeostasis. CaSR is also expressed in vascular smooth muscle and endothelium. Because activation of CaSR in vascular myocytes increases \[Ca^2+^\]~cyt~ and subsequently induces vasoconstriction, CaSR is thought to be involved in the regulation of myogenic tone, peripheral vascular resistance, and arterial blood pressure. Loss-of-function mutations in the CaSR gene can lead to familial hypocalciuric hypercalcemia (FHH) and neonatal severe hyperparathyroidism (NSHPT). On the other hand, gain-of-function mutations cause autosomal dominant hypocalcemia (ADH) and Bartter syndrome type V ([@r16], [@r18]).

Modulators of CaSR {#s8}
==================

CaSR can be activated by several endo/exogenous ligands including polyvalent cations (Ca^2+^, Mg^2+^, Gd^3+^), polyamines (spermine, spermidine, putrescine), polypeptides (amyloid-β peptide, γ-glutamyl peptides), aminoglycoside antibiotics (neomycin, gentamicin, kanamycin), and amino acids (phenylalanine, tryptophan, glutamate). In addition, synthetic activators of CaSR, or calcimimetics (NPS R467, NPS R568, cinacalcet, calindol; [Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.Chemical structures of modulators for Ca^2+^-sensing receptor. (A) The chemical structure of calcimimetics, or positive allosteric modulators, NPS R467, tecalcet (also known as NPS R568), cinacalcet (NPS1493, AMG073), and calindol. Tecalcet was developed for primary/secondary hyperthyroidism but dropped during clinical trials. Cinacalcet is used for uremic secondary hyperparathyroidism. (B) The chemical structure of calcilytics, or negative allosteric modulators, NPS2143, Calhex 231, SB-423562 (NPSP795), and SB-423557 (NPSP790). SB-423562 and SB-423557, an orally bioavailable precursor for SB-423562, are currently in clinical trials for osteoporosis.), and antagonists of CaSR, or calcilytics (NPS2143, Calhex 231, SB-423557, SB-423562; [Fig. 4B](#fig_004){ref-type="fig"}), affect CaSR function ([@r14], [@r15], [@r17], [@r18]). Calcimimetics are positive allosteric modulators of CaSR, leading to the suppression of PTH secretion from the parathyroid glands in patients with overactivity of these glands. Tecalcet (also known as NPS R568) was developed for primary and secondary hyperthyroidism but dropped during clinical trials. Cinacalcet (also known as NPS1493 and AMG073) has been initially approved by the U.S. FDA for treating two conditions: secondary hyperparathyroidism in patients with chronic kidney disease (CKD) who are undergoing dialysis and hypercalcemia in patients with parathyroid cancer. It is the only calcimimetic currently approved for use in humans. On the other hand, calcilytics are negative allosteric modulators that indirectly stimulate PTH secretion through a decrease in CaSR activity. Calcilytics are potential drug candidates for the treatment of osteoporosis and other bone metabolism diseases. SB-423562 (also known as NPSP795) and its orally bioavailable precursor, SB-423557 (NPSP790), have recently undergone clinical validation as a treatment for osteoporosis or hypocalcemia due to the increased sensitivity of CaSR to extracellular Ca^2+^ ([@r14], [@r15]).

Calcilytics block development of pulmonary hypertension {#s9}
=======================================================

Similar to PASMCs from IPAH patients, upregulation of CaSR and enhanced CaSR-mediated increase in \[Ca^2+^\]~cyt~ were observed in PASMCs isolated from two different animal models of pulmonary hypertension: monocrotaline (MCT)-induced pulmonary hypertension in rats and hypoxia-induced pulmonary hypertension (HPH) in mice ([@r12], [@r19], [@r20]). Finally, intraperitoneal injection of the calcilytic NPS2143 prevented the development of pulmonary hypertension and right ventricular hypertrophy in experimental animal models of pulmonary hypertension. Pulmonary hypertension characterized by increased right ventricular systolic pressure (RVSP; [Fig. 5A](#fig_005){ref-type="fig"}Fig. 5.A calcilytic, NPS2143, rescues development of pulmonary hypertension. (A) Representative records of right ventricular pressure (RVP) in control and monocrotaline-induced pulmonary hypertensive (MCT) rats treated with vehicle or NPS2143. (B) Representative hematoxylin and eosin (H&E) images of small pulmonary arteries in control and MCT rats treated with vehicle or NPS2143. The magnified images of area surrounded by a black border in upper panels are shown in lower panels. \[modified from ref. [@r12]\].) and vascular remodeling ([Fig. 5B](#fig_005){ref-type="fig"}) in animal models, was improved by NPS2143. Pharmacological blockade of the upregulated CaSR with calcilytics may be a novel therapeutic approach for PAH patients who do not respond to the conventional drug therapy.

Conclusion {#s10}
==========

We recently found that CaSR is upregulated in PASMCs isolated from patients with IPAH and animals with experimental pulmonary hypertension ([@r12], [@r19], [@r20]). The upregulated CaSR is necessary for the enhanced extracellular Ca^2+^-induced increase in \[Ca^2+^\]~cyt~ and the augmented cell proliferation in IPAH-PASMCs. Pharmacological blockade of CaSR with the calcilytic, NPS2143, inhibits the CaSR-mediated rise in \[Ca^2+^\]~cyt~ and attenuates the development of experimental pulmonary hypertension in animal models. Functionally upregulated CaSR in PASMCs may play a novel pathogenic mechanism underlying sustained pulmonary vasoconstriction and excessive pulmonary vascular remodeling in IPAH patients. Currently, in addition to Ca^2+^ channel blockers (nifedipine, diltiazem), three therapeutic classes are widely used for the treatment of PAH: prostacyclins (epoprostenol, treprostinil, iloprost), endothelin receptor antagonists (bosentan, ambrisentan), and PDE inhibitors (sildenafil, tadalafil). Targeting CaSR in PASMCs, especially the calcilytic, may help develop a novel therapeutic approach for PAH.
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